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We present an updated analysis of the coherent neutrino-nucleus elastic scattering data of the
COHERENT experiment taking into account the refined quenching factor published recently in
arXiv:1907.04828. Through a fit of the COHERENT time-integrated energy spectrum, we show
that the new improved quenching factor leads to a better determination of the average rms radius
of the neutron distributions of 133Cs and 127I, while in combination with the atomic parity violation
(APV) experimental results it allows to determine a data-driven APV measurement of the low-energy
electroweak mixing angle in very good agreement with the Standard Model prediction. We also find
a 3.7σ evidence of the suppression of coherence due to the nuclear structure. Neutrino properties
are better constrained by considering the COHERENT time-dependent spectral data, that allow us
to improve the bounds on the neutrino charge radii and magnetic moments. We also present for
the first time constraints on the neutrino charges obtained with coherent neutrino-nucleus elastic
scattering data. In particular, we obtain the first laboratory constraints on the diagonal charge of
νµ and the νµ-ντ transition charge.
I. INTRODUCTION
Elastic neutrino-nucleus scattering is a new powerful tool that allows to probe neutrino, electroweak and nuclear
physics, after its first, and so far only, observation in the COHERENT experiment [1]. This process was predicted
a long time ago [2–4], but it eluded experimental detection because of the difficulty to observe nuclear recoils with
a very small kinetic energy T of a few keV. This is necessary for the coherent recoil of the nucleus which occurs for
|~q|R  1 [5], where |~q| ' √2MT is the three-momentum transfer, R is the nuclear radius of a few fm, and M is the
nuclear mass, of the order of 100 GeV for heavy nuclei.
The measurements of the COHERENT experiment produced interesting results for nuclear physics [6], neutrino
properties and interactions [7–14], and weak interactions [15]. One of the limiting factors of these analyses was
the poor knowledge of the quenching factor fQ(T ) of the COHERENT CsI detector, that is the ratio between the
scintillation light emitted in nuclear and electron recoils and determines the relation between the number of detected
photoelectrons NPE and the nuclear recoil kinetic energy T :
NPE = η fQ(T )YL T, (1)
where YL = 13.35NPE/keV is the light yield of the phototubes and η is a normalization factor. In the original
COHERENT publication [1] the quenching factor fQ(T ) was estimated to be constant with value 0.0878 ± 0.0166
between about 5 and 30 detected photoelectrons, which correspond to T from 4.3 to 25.6 keV. The recent new
accurate measurement of the quenching factor in Ref. [16] reduced the relative uncertainty of the quenching factor
from 18.9% to 5.1% and, together with other revisited previous measurements, provided the behavior of fQ(T ) as a
function of T , improving the constant approximation in Ref. [1]1. This significant refinement solicits a revision of the
results for neutrino, electroweak and nuclear physics obtained from the analysis of the COHERENT data. During
the completion of this work, two analyses of this type appeared on arXiv [17, 18]. Here we present the results of
our analysis, which has some differences in the method and results. In particular, as we emphasized in Ref. [12], the
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1 The quenching factor in Ref. [16] is, however, not supported by the COHERENT collaboration [private communication].
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2arrival time information of the COHERENT data [19], that was not considered in Refs. [17, 18], is important for
distinguishing between the properties and interactions of νe and νµ, that are produced in the Oak Ridge Spallation
Neutron Source by different processes: νµ’s are produced from pi
+ decays at rest (pi+ → µ+ + νµ) and arrive at the
COHERENT detector as a prompt signal within about 1.5µs after protons-on-targets; ν¯µ’s and νe’s are produced by
µ+ decays at rest (µ+ → e+ + νe + ν¯µ) and arrive at the detector in a relatively longer time interval of about 10µs.
In Ref. [12] we have shown that the analysis of the time-dependent COHERENT spectrum allows to improve the
constraints on the neutrino charge radii. Here, we present in Section IV an update of that analysis taking into account
the improved quenching factor and correcting the treatment of the sign of the contributions of the antineutrino charge
radii (see the discussion in Section IV). We also present in Section V a new analysis of the COHERENT data that
allows to constrain the neutrino charges (sometimes called millicharges because of their smallness). In particular, we
obtain the first laboratory constraints on the diagonal charge of νµ and the νµ-ντ transition charge.
The plan of the paper is as follows. In Sections II, III, and IV we update, respectively, the results on the average rms
radius of the neutron distributions in CsI, on the electroweak mixing angle and on the neutrino charge radii presented
in Refs. [6, 12, 15], taking into account the new improved quenching factor in the COHERENT experiment and, in
the case of the electroweak mixing angle, also a new determination of the vector transition polarizability [20]. In
Sections V and VI we present, respectively, new constraints on the neutrino electric charges and magnetic moments.
Finally, in Section VII we summarize the results of the paper.
II. RADIUS OF THE NUCLEAR NEUTRON DISTRIBUTION
The standard weak-interaction differential cross section for coherent elastic scattering of a neutrino with energy E
and a spin-zero nucleus N with Z protons and N neutrons is given by
dσν`-N
dT
(E, T ) =
G2FM
pi
(
1− MT
2E2
)[
gpV ZFZ(|~q|2) + gnVNFN (|~q|2)
]2
, (2)
where GF is the Fermi constant, ` = e, µ, τ is the neutrino flavour and
gpV =
1
2
− 2 sin2ϑW , gnV = −
1
2
, (3)
where ϑW is the electroweak mixing angle, also known as the Weinberg angle. In Eq. (2) FZ(|~q|2) and FN (|~q|2) are,
respectively, the form factors of the proton and neutron distributions in the nucleus. They are given by the Fourier
transforms of the corresponding nucleon distribution in the nucleus and describe the loss of coherence for |~q|Rp & 1
and |~q|Rn & 1, where Rp and Rn are, respectively, the rms radii of the proton and neutron distributions. Since
different parameterizations of the form factors are practically equivalent in the analysis of COHERENT data [6], we
consider only the Helm parameterization [21]
F (|~q|2) = 3 j1(|~q|R0)|~q|R0 e
−|~q|2s2/2, (4)
where j1(x) = sin(x)/x
2−cos(x)/x is the spherical Bessel function of order one, s = 0.9 fm [22] is the surface thickness
and R0 is related to the rms radius R by R
2 = 3R20/5 + 3s
2. For the rms radii of the proton distribution of 133Cs and
127I we adopt the values determined with high accuracy from muonic atom spectroscopy [23]:
Rp(
133Cs) = 4.804 fm, Rp(
127I) = 4.749 fm. (5)
We fitted the COHERENT data in order to determine the average neutron rms radius Rn of
133Cs and 127I by
improving the analysis in Ref. [6] taking into account the new quenching function in Eq. (1). We considered the
least-squares function
χ2C =
15∑
i=4
(
N expi − (1 + αc)N thi − (1 + βc)Bi
σi
)2
+
(
αc
σαc
)2
+
(
βc
σβc
)2
+
(
η − 1
ση
)2
. (6)
For each energy bin i, N expi is the experimental event number, N
th
i is the theoretical event number that is calculated
as explained in Refs. [6, 12], Bi is the estimated number of background events, and σi is the statistical uncertainty.
We considered only the 12 energy bins from i = 4 to i = 15 of the COHERENT spectrum, because they cover the
recoil kinetic energy of the new Chicago-3 quenching factor measurement [16], where the value of the quenching factor
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FIG. 1. Histograms representing the fits of the COHERENT data [1] (black points with errorbars) in the case of full coherence
(red dashed) and with the best-fit neutron distribution form factor (blue solid).
and its uncertainties are more reliable. In Eq. (6), αc and βc are nuisance parameters which quantify, respectively, the
systematic uncertainty of the signal rate and the systematic uncertainty of the background rate, with corresponding
standard deviations σαc = 0.112 and σβc = 0.25 [1]. The value of σαc is smaller than that considered in previous
analyses because the previous value (0.28) included the quenching factor uncertainty, that in Eq. (6) is taken into
account through the factor η in Eq. (1), with ση = 0.051 according to the new determination in Ref. [16]. We
calculated the new value of σαc by summing in quadrature the 5% signal acceptance uncertainty and the 10% neutron
flux uncertainty estimated by the COHERENT collaboration [1], without considering an estimated 5% neutron form
factor uncertainty because we obtain the neutron form factor from the data.
The COHERENT spectral data are shown in Figure 1 together with the best-fit histogram, that corresponds to
(χ2C)min = 3.0 with 11 degrees of freedom. Therefore, the goodness of fit is an excellent 99%.
Figure 1 shows also the histogram obtained in the case of full coherence, i.e. with the neutron and proton form
factors set to unity in the cross section of Eq. (2). One can see that the fit is much worse than the best fit. The
corresponding (χ2C)min is 18.1 and the difference with that of the best fit implies a p-value of 1.0 × 10−4. Therefore
there is a 3.7σ evidence of the suppression of coherence due to the nuclear structure. This is an improvement with
respect to the 2.3σ evidence found in Ref. [6] with the original COHERENT quenching factor [1].
Figure 2 shows the comparison of ∆χ2 = χ2C − (χ2C)min as a function of the neutron rms radius Rn obtained with
the old [1] and new [16] quenching factors. It is clear that the new improved quenching factor allows us to perform
a better determination of Rn, with smaller uncertainties, especially when considering large values of the confidence
level. In particular, small values of Rn are better constrained with the new improved quenching factor and we obtain
Rn = 5.0
+0.7
−0.7(1σ)
+1.5
−1.5(2σ)
+2.5
−2.6(3σ) fm. (7)
It is interesting that the value of Rn obtained with the new improved quenching factor is smaller than that found
in Ref. [6] with the original COHERENT quenching factor (Rn = 5.5
+0.9
−1.1 fm), and it is more compatible with the
theoretical nuclear model predictions, that indicate a value around 5.0 fm (see Table I in Ref. [6]). For the neutron
skin ∆Rnp = Rn −Rp we obtain
∆Rnp = 0.2
+0.7
−0.7(1σ)
+1.5
−1.5(2σ)
+2.5
−2.6(3σ) fm, (8)
that is in agreement with the theoretical nuclear model predictions (see Figure 1 of Ref. [24] and Table I in Ref. [6]).
Our results have some differences with those in Refs. [17, 18]. The author of Ref. [17] found Rn = 5.1
+1.3
−1.5 fm, with
a best fit similar to ours, but with larger uncertainties. We suspect that this is due to the fact that the analysis of
Ref. [17] is based only on the total number of COHERENT events, not on the COHERENT energy spectrum as ours.
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FIG. 2. ∆χ2 = χ2C− (χ2C)min as a function of the neutron rms radius Rn obtained from the fit of the data of the COHERENT
experiment with the new improved quenching factor [16], compared with the result in Ref. [6] obtained with the original
COHERENT quenching factor in Ref. [1].
The authors of Ref. [18] found Rn = 4.6
+0.9
−0.8 fm, where the uncertainties are only slightly larger than ours, but the
best fit is significantly lower. We suspect that this is due to the fact that, although the analysis of Ref. [18] is based
on the fit of the COHERENT energy spectrum as ours, the quenching factor was assumed to be constant. This is a
rather rough approximation, as one can see from Figure 1 of Ref. [16].
III. ELECTROWEAK MIXING ANGLE
Using the approach developed in Ref. [15], we update the measurement of ϑW in the low-energy sector taking into
account the new improved quenching factor. For this, we exploit the measurement of the weak charge of 133Cs, QCsW ,
from so-called atomic parity violation (APV) experiments, also known as parity nonconservation (PNC). In the SM
the weak charge including electroweak corrections is related to the Weinberg angle through the relation [25]
QSM+rad.corr.W ≡ −2[Z(g epAV + 0.00005) (9)
+N(g enAV + 0.00006)]
(
1− α
2pi
)
≈ Z(1− 4 sin2 θSMW )−N,
where α is the fine-structure constant and the couplings of electrons to nucleons, g epAV and g
en
AV , are given by
g epAV ≈ −
1
2
+ 2 sin2 θSMW , and g
en
AV ≈
1
2
. (10)
Experimentally, the weak charge of a nucleus is extracted from the ratio of the parity violating amplitude, EPNC,
to the Stark vector transition polarizability, β, and by calculating theoretically EPNC in terms of QW , leading to
QW = N
(
ImEPNC
β
)
exp.
(
QW
N ImEPNC
)
th.
βexp.+th. , (11)
where βexp.+th. and (ImEPNC)th. are determined from atomic theory, and Im stands for imaginary part. In particular,
we use (ImEPNC/β)exp = (−3.0988 ± 0.0109) × 10−13|e|/a2B [26], where aB is the Bohr radius and |e| is the electric
charge. Differently from Ref. [15], we use a more recent determination of the vector transition polarizability, namely
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FIG. 3. Variation of sin2 ϑW with energy scale Q. The SM prediction is shown as the solid curve, together with experimental
determinations in black at the Z-pole [29] (Tevatron, LEP1, SLC, LHC), from APV on Caesium [26, 28], which has a typical
momentum transfer given by 〈Q〉 ' 2.4 MeV, Møller scattering [30] (E158), deep inelastic scattering of polarized electrons on
deuterons [31] (e2H PVDIS) and from neutrino-nucleus scattering [32] (NuTeV) and the new result from the proton’s weak
charge at Q = 0.158 GeV [33] (Qweak). In red it is shown the result derived in this paper, obtained correcting the APV data
point by the improved direct Caesium neutron rms radius determination obtained in this work. For clarity we displayed the
old APV point to the left and the Tevatron and LHC points horizontally to the left and to the right, respectively.
β = (27.139±0.042) a3B [20], which has a smaller uncertainty and differs by almost 2σ with respect to the previous deter-
mination of β, coming instead from a calculation of the hyperfine changing contribution to the magnetic dipole matrix
element M1hf [27]. For the imaginary part of EPNC we use (ImEPNC)th. = (0.8977± 0.0040)× 10−11|e|aB QWN [28],
which includes corrections for many-body effects that were neglected in previous works. However, as in Ref. [15], we
subtract the correction introduced by the authors to remove the effect of the difference between Rn and Rp, which
affects the experimental value of QCsW , obtained at the time extrapolating data from antiprotonic atom x-ray. Remov-
ing this correction (but keeping all the other corrections introduced in Ref. [28]), the theoretical amplitude including
the neutron skin effect becomes
(ImEPNC)
n.s.
th. = (0.8995± 0.0040)× 10−11|e|aB
QW
N
, (12)
from which, using Eq. (11), one finds the experimental value of QCsW including the neutron skin effect, which is
QCs n.s.W = −72.93± 0.43. Using the value of Rn in Eq. (7) found with the improved quenching factor, we derive the
updated data-driven correction to QCsW which takes into account the difference between the measured values of Rn
and Rp
∆Qn−pW (Rn) ≈ N(Zα)2(0.221 ·
[
(R2n/R
2
p)− 1
]
)/qp = 0.2± 0.9 , (13)
where qp is a factor which incorporates the radial dependence of the electron axial transition matrix element considering
the proton spatial distribution defined in Ref. [15]. Thanks to this data-driven correction, we determine an updated
experimental value of QCsW that can be directly compared with the SM prediction Q
SM+rad.corr.
W = −73.23± 0.01 [29]
QCsW = Q
Cs n.s.
W −∆Qn−pW = −73.2± 1.0,
where the final uncertainty is at 1σ. Our result on the weak charge of 133Cs is different and with a much reduced
uncertainty with respect to that obtained recently in Ref. [18] with the new improved quenching factor. Besides
the reasons mentioned at the end of Section II, there is also the usage of a more recent determination of the vector
transition polarizability.
The value of QCsW obtained in this way relies on the improved direct experimental input for Rn of
133Cs, and allows
to determine the new APV value of the electroweak mixing angle
sin2 ϑW = 0.238± 0.004, (14)
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FIG. 4. The solid red line shows the ∆χ2 = χ2−χ2min, with χ2 as defined in Eq. (15), as a function of the neutron rms radius,
Rn, obtained from the combined fit of the COHERENT data, with the new improved quenching factor [16], and the APV
Caesium measurement, with a new determination of the vector transition polarizability [20]. The blue and the green dashed
lines show the contribution of the separate fits of the COHERENT and APV datasets, respectively.
with a central value in very good agreement with the SM at low momentum transfer, as showed by the red point in
Figure 3.
Following the approach developed in Ref. [15], the APV data can be fitted simultaneously with the COHERENT
data to determine a combined value of Rn for
133Cs. Assuming the PDG value [29] of the weak mixing angle at low
momentum transfer2, the following combined APV and COHERENT least-squares function can be built
χ2 = χ2C + χ
2
APV
= χ2C +
(
(QCs n.s.W −∆Qn−pW )−QSM+rad.corr.W
σAPV
)2
, (15)
where the first term is defined in Eq. (6) and the second term represents the least-squares function corresponding to
the APV measurement for 133Cs, in which σAPV is the total uncertainty corresponding to 0.43.
The solid red line in Figure 4 shows the corresponding marginal values of the χ2 as a function of Rn, while for
completeness the results of the fit to the COHERENT and APV dataset alone is shown separately by the blue and
green dashed lines, respectively. Thanks to the usage of the more recent determination of the vector transition
polarizability [20], the two dataset point to a similar value of Rn. One can see that the inclusion of the APV
measurement allows to shrink significantly the ∆χ2 profile, reducing by more than half the uncertainty. The result of
the combined APV and COHERENT measurement is
Rn = 5.04± 0.31 fm, (16)
which is highly compatible with that obtained using COHERENT data only. Using the value found in Eq. (16) and
the updated value of Rp of
133Cs in Eq. (5), it is possible to infer a more precise value of the 133Cs neutron skin,
which is
∆Rnp = 0.23± 0.31 fm, (17)
in excellent agreement with the model-predicted values [6, 24].
2 Note that this procedure is perfectly consistent since the neutron radius from COHERENT data has been obtained assuming the same
low-energy value of the weak mixing angle.
7IV. NEUTRINO CHARGE RADII
In the Standard Model of electroweak interactions neutrinos are exactly neutral particles, but they have the charge
radii induced by radiative corrections given by [34–36]
〈r2ν`〉SM = −
GF
2
√
2pi2
[
3− 2 ln
(
m2`
m2W
)]
, (18)
where mW and m` are the W boson and charged lepton masses and we use the conventions in Refs. [12, 37]. Note
that the Standard Model charge radii are diagonal in the flavor basis, because the generation lepton numbers are
conserved. Numerically, we have
〈r2νe〉SM = −0.83× 10−32 cm2, (19)
〈r2νµ〉SM = −0.48× 10−32 cm2, (20)
〈r2ντ 〉SM = −0.30× 10−32 cm2. (21)
Since the current 90% CL experimental bounds for 〈r2νe〉 and 〈r2νµ〉 listed in Table I of Ref. [12] are about one order
of magnitude larger than the Standard Model predictions, there are good hopes that these values can be probed in a
near future.
In Ref. [12] we have shown that the COHERENT elastic neutrino-nucleus scattering data allows to constrain not only
the flavor-diagonal neutrino charge radii, but also the transition charge radii, taking into account their contribution
discussed for the first time in Ref. [38] in the context of elastic neutrino-electron scattering. Here we present the
update of that analysis taking into account the new improved quenching factor. We also correct an unfortunate
mistake introduced in Ref. [38] in the treatment of the sign of the contributions of the antineutrino charge radii by
noting that neutrinos and antineutrinos have opposite charge radii. This is correct, but it was not noted that also
the weak neutral current couplings change sign from neutrinos to antineutrinos. This is due to the fact that both
the electromagnetic vector current and the V −A weak neutral-current change sign under a CP transformation that
changes left-handed neutrinos into right-handed antineutrinos. Therefore the relative sign of the weak neutral current
and charge radius contributions does not change from neutrinos to antineutrinos.
For simplicity, we consider only two of the cases discussed in Ref. [12], i.e. the fits of the COHERENT time-
dependent energy spectrum with fixed and free values of the rms radii of the neutron distributions of 133Cs and 127I.
In the first case we assume the same values assumed in Ref. [12]:
Rn(
133Cs) = 5.01 fm, Rn(
127I) = 4.94 fm, (22)
obtained in the relativistic mean field (RMF) NL-Z2 [39] nuclear model calculated in Ref. [6].
As we emphasized in Ref. [12] and in the introduction, the arrival time information of the COHERENT data [19] is
important for distinguishing between the properties of νe and νµ and in particular for the determination of the charge
radii. Therefore, in this case, instead of the least-squares function in Eq. (6), we consider the Poissonian least-squares
function [40]
χ2 = 2
15∑
i=4
12∑
j=1
[
(1 + αc)N
th
ij + (1 + βc)Bij + (1 + γ)N
bck
ij −NCij +NCij ln
(
NCij
(1 + αc)N thij + (1 + βc)Bij + (1 + γ)N
bck
ij
)]
+
(
αc
σαc
)2
+
(
βc
σβc
)2
+
(
γ
σγ
)2
+
(
η − 1
ση
)2
, (23)
that allows us to consider time-energy bins with few or zero events. In Eq. (23), i is the index of the energy bins,
j is the index of the time bins, N thij are the theoretical predictions that depend on the neutrino charge radii, N
C
ij
are the coincidence (C) data, which contain signal and background events, Bij are the estimated neutron-induced
backgrounds, and Nbckij are the estimated backgrounds obtained from the anti-coincidence (AC) data given in the
COHERENT data release [19]. The parameters αc, βc, and η are the same as in the least-square function in Eq. (6)
that we used in the analysis of the time-integrated COHERENT data. The nuisance parameter γ and its uncertainty
σγ = 0.05 quantify the systematic uncertainty of the background estimated from the AC data.
The theoretical predictions N thij in Eq. (23) have been calculated with the differential neutrino-nucleus (ν`-N ) cross
section
dσν`-N
dT
(E, T ) =
G2FM
pi
(
1− MT
2E2
)[(gpV − Q˜``)ZFZ(|~q|2) + gnVNFN (|~q|2)]2 + Z2F 2Z(|~q|2)∑
`′ 6=`
|Q˜`′`|2
 , (24)
8Fixed Rn Free Rn
Best Fit 90% CL 99% CL Best Fit 90% CL 99% CL
〈r2νee〉 −24 −56÷ 6 −64÷ 15 −27 −56÷ 10 −64÷ 19
〈r2νµµ〉 −31 −60÷ 10 −64÷ 14 −32 −60÷ 13 −64÷ 17
|〈r2νeµ〉| 0 < 28 < 31 0 < 28 < 31
|〈r2νeτ 〉| 0 < 31 < 40 0 < 32 < 40
|〈r2νµτ 〉| 0 < 35 < 39 0 < 35 < 39
qνee 13 −8÷ 46 −18÷ 59 18 −9÷ 46 −20÷ 59
qνµµ −3 −10÷ 18 −14÷ 34 −3 −11÷ 18 −16÷ 34
|qνeµ | 0 < 22 < 29 2 < 22 < 29
|qνeτ | 2 < 30 < 41 1 < 30 < 41
|qνµτ | 0 < 28 < 34 0 < 28 < 34
|µνe | 0 < 36 < 52 1 < 45 < 59
|µνµ | 15 < 31 < 39 22 < 36 < 43
TABLE I. Best fits and limits at 90% CL and 99% CL for the neutrino charge radii (in units of 10−32 cm2), for the neutrino
charges (in units of 10−8 e), and for the neutrino magnetic moments (in units of 10−10 µB).
with the contributions of the charge radii 〈r2ν``′ 〉 in the flavor basis expressed through [38]
Q˜``′ =
2
3
m2W sin
2ϑW 〈r2ν``′ 〉 =
√
2piα
3GF
〈r2ν``′ 〉. (25)
In the case of ν¯`-N scattering, we have gp,nV → −gp,nV and 〈rν``′ 〉 → 〈rν¯``′ 〉 = −〈rν``′ 〉, as explained above. Hence, the
charge radii of neutrinos and antineutrinos contribute with the same sign to the shift of sin2ϑW .
The results of our fits for fixed and free Rn are given in Table I. One can see that the bounds are similar in
the two cases. Therefore, in Figure 5 we show only the allowed regions in different planes of the neutrino charge
radii parameter space obtained with free Rn and compared with the corresponding allowed regions obtained with
the original COHERENT quenching factor [1]. One can see that there is only a slight improvement of the 90% CL
allowed regions, but the 99% CL allowed regions are strongly reduced with the new improved quenching factor and
their contours lie close to those of the 90% CL allowed regions. Therefore, the implementation of the new quenching
factor allows us to strengthen the statistical reliability of the bounds on the neutrino charge radii at high confidence
level values.
Our bounds on the neutrino charge radii are different with respect to those obtained recently in Refs. [17, 18]
with the new improved quenching factor (taking into account that the charge radii in both papers are defined as
half of ours). Besides the reasons mentioned at the end of Section II, as emphasized in the introduction and above,
our analysis is more powerful for flavor-dependent neutrino properties because we take into account the arrival time
information of the COHERENT data [19], that is not considered in Refs. [17, 18]. Moreover, unfortunately the authors
of Refs. [17, 18] adopted the incorrect treatment of the antineutrino charge radii of Ref. [38].
We can compare our bounds on the neutrino charge radii with those obtained in Ref. [9] using the original CO-
HERENT quenching factor [1] and considering only the total number of COHERENT events, but with the correct
treatment of the sign of the contributions of the antineutrino charge radii. The authors of Ref. [9] considered only the
diagonal charge radii 〈r2νe〉 ≡ 〈r2νee〉 and 〈r2νµ〉 ≡ 〈r2νµµ〉. This is an acceptable assumption taking into account that in
the Standard Model there are only diagonal charge radii, as explained above. Hence, we present in Figure 6 the results
of our analyses under this assumption, considering the old and new quenchings and fixed and free Rn. One can see
that the allowed regions are significantly reduced using the new quenching, especially the one at 99% CL. Therefore,
as in the general analysis with all the neutrino charge radii, the implementation of the new quenching factor leads to
a strengthening of the statistical reliability of the bounds. From the two panels in Figure 6 one can also see that the
allowed regions of the diagonal charge radii are rather similar for fixed and free Rn. The allowed regions in Figure 6
are more stringent and have a different shape of that in Figure 6 of Ref. [9], because the consideration in Ref. [9] of the
total number of COHERENT events only do not give any information on the difference of the properties of different
neutrino flavors. Therefore, the allowed region in Figure 6 of Ref. [9] is symmetric under the exchange 〈r2νe〉 〈r2νµ〉
and has a circular shape. Our analysis, instead, distinguishes the charge radii of νe and νµ, leading to two allowed
regions which cover a relatively wide range of 〈r2νe〉 and two narrower ranges of 〈r2νµ〉. A common feature of the two
analyses is the exclusion of an intermediate region around 〈r2νe〉 ' 〈r2νµ〉 ' −25 × 10−32 cm2. This feature can be
understood by noting that the contribution of the diagonal charge radii in the cross section (24) approximately cancel
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FIG. 5. Contours of the 90% CL (solid blue curves) and 99% CL (dashed blue curves) allowed regions in different planes of
the neutrino charge radii parameter space obtained with the new improved quenching factor [16] and free Rn. For comparison,
also the corresponding contours obtained with the original COHERENT quenching factor [1] are shown in red. The respective
best-fit points are shown in blue and red. The green point near the origin in panel (d) indicates the Standard Model values in
Eqs. (19) and (20).
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FIG. 6. Contours of the 90% CL (solid blue curves) and 99% CL (dashed blue curves) allowed regions in the (〈r2νe〉, 〈r2νµ〉) plane
obtained with the new improved quenching factor [16] and (a) fixed, or (b) free Rn, assuming that the transition charge radii
are negligible. For comparison, also the corresponding contours obtained with the original COHERENT quenching factor [1]
are shown in red. The green points near the origin indicate the Standard Model values in Eqs. (19) and (20).
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the weak neutral current contributions for
〈r2ν`〉 ' −
3N
4Z m2W sin
2ϑW
' −26× 10−32 cm2, (26)
for CsI. In this estimate we neglected gpV ' 0.023 and approximated (N/Z)133Cs ' (N/Z)127I ' 1.4. Around the values
in Eq. (26) of the diagonal charge radii the cross section is strongly suppressed and cannot fit the COHERENT data.
This suppression explains the hole in the middle of the allowed region in Figure 6 of Ref. [9] and the corresponding
excluded area in the two panels in Figure 6 obtained with our analysis. Obviously, this excluded area do not appear
in Figure 5, because in the general analysis the transition charge radii can compensate the suppression of the part of
the cross section which depends on the diagonal charge radii.
V. NEUTRINO ELECTRIC CHARGES
Coherent neutrino-nucleus elastic scattering is obviously sensitive not only to the neutrino charge radii, but also to
the neutrino charges, if neutrinos are not exactly neutral. This possibility can occur in theories beyond the Standard
Model and has been considered in many experimental and theoretical studies (see the review in Ref. [37]). Here we
present for the first time the bounds on the neutrino charges obtained from the analysis of the COHERENT data.
The analysis is similar to that concerning the neutrino charge radii presented in Section IV, with the replacement of
Q˜``′ in Eq. (25) with [38]
Q˜``′ =
4m2W sin
2ϑW
q2
qν``′ =
2
√
2piα
GFq2
qν``′ , (27)
where q2 = −2MT is the squared four-momentum transfer. As in the case of the charge radii, although the charges
of neutrinos and antineutrinos are opposite, they contribute with the same sign to the shift of sin2ϑW , because also
the weak neutral current couplings change sign from neutrinos to antineutrinos.
The results of our fits for fixed and free Rn are given in Table I. The allowed regions in different planes of the
neutrino electric charge parameter space are shown in Figure 7. One can see that the bounds for all the neutrino
charges are of the order of 10−7 e. Therefore the bounds on the charges involving the electron neutrino flavor (qνee ,
qνeµ , qνeτ ) are not competitive with respect to those obtained in reactor neutrino experiments, that are at the level
of 10−12 e [37, 41] for the effective charge
√
q2νee + q
2
νeµ + q
2
νeτ in neutrino-electron elastic scattering experiments. On
the other hand, our bounds on qνµµ and qνµτ are the first ones obtained from laboratory data.
Let us comment on an approximation in our cross sections for electromagnetic neutrino-nucleus interactions. Ne-
glecting weak interactions and the nuclear form factor, and considering only one generic neutrino charge qν (i.e.
qν``′ = qνδ``′), from the cross section in Eq. (24) we obtain
dσ
(qν)
ν-N
dT
(E, T ) =
2piα2
MT 2
(
1− MT
2E2
)
Z2q2ν . (28)
This is the cross section for the electric charge interaction of a fermion with charge qν with a point-like nucleus
with Z protons, that can be obtained from the well-known Rosenbluth cross section (see, for example Ref. [42]) for
T  E  M , neglecting the anomalous magnetic moment of the nucleus. The omission of the effects due to the
anomalous magnetic moment of the nucleus is an approximation of our calculations, that is justified by the small
contribution of the anomalous magnetic moments of 133Cs and 127I with respect to their charges. Indeed, the magnetic
moments of the two nuclei are µ(133Cs) = 2.58µN and µ(
127I) = 2.81µN (see http://periodictable.com/), and
the Dirac magnetic moment of a point-like nucleus with electric charge Z and atomic mass A is given by (Z/A)µN,
which gives µDirac(
133Cs) = 0.41µN and µDirac(
127I) = 0.42µN. Therefore, the anomalous magnetic moments of
133Cs
and 127I are not enhanced with respect to the anomalous proton and neutron magnetic moments. Taking also into
account that the magnetic moment contribution to the cross section is suppressed at the low q2 values that we are
considering, our approximation is well justified.
The fact that under the above approximations we obtain the right equation (28) implies the correctness of our
normalization of the charge radius that is twice of that in Refs. [17, 18] and some other papers (see the discussion in
Ref. [12]). One can see it by considering the sum of the values of Q˜``′ in Eqs. (25) and (27),
Q˜``′ =
2
√
2piα
GFq2
(
qν``′ +
q2
6
〈r2ν``′ 〉
)
, (29)
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FIG. 7. Contours of the 90% CL (solid curves) and 99% CL (dashed curves) allowed regions in different planes of the neutrino
electric charge parameter space obtained with the new improved quenching factor [16] and with fixed (red) and free (blue) Rn.
The respective best-fit points are shown in blue and red.
that corresponds to the standard expansion of the charge form factor (see, for example Ref. [37])
F νQ(q
2) = F νQ(0) + q
2
dF νQ(q
2)
dq2
∣∣∣∣∣
q2=0
+ . . . = qν +
q2
6
〈r2ν〉+ . . . . (30)
As we have seen above, these relations lead to the correct cross section (28) for the electric charge interaction of a
fermion with charge qν with a point-like nucleus with Z protons. If instead the normalization of the charge radius is
half of ours, the expression of the cross section is multiplied by a factor of four and the standard relation between qν
and 〈r2ν〉 in Eqs. (29) and (30) leads to a cross section for the electric charge interaction of a fermion with charge qν
with a point-like nucleus with Z protons that is four times larger than the correct one in Eq. (28).
VI. NEUTRINO MAGNETIC MOMENTS
The COHERENT data on coherent neutrino-nucleus elastic scattering have been also analyzed taking into account
the effects of possible neutrino magnetic moments [9, 17, 18]. In this Section we present our bounds on the neutrino
magnetic moments taking into account the new improved quenching factor and the arrival time information of the
COHERENT data, that was not considered in Refs. [9, 17, 18].
For the analysis of the coherent data we use the least-squares function in Eq. (23), with the theoretical predictions
N thij calculated by adding to the Standard Model weak cross section in Eq. (2) the magnetic moment interaction cross
section
dσmagν`-N
dT
(E, T ) =
piα2
m2e
(
1
T
− 1
E
)
Z2F 2Z(|~q|2)
(
µν`
µB
)2
, (31)
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with the new improved quenching factor [16] and with fixed (red) and free (blue) Rn. The respective best-fit points are shown
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where me is the electron neutrino mass and µν` is the effective magnetic moment of the flavor neutrino ν` in elastic
scattering (see Ref. [37]).
The results of the fits for fixed and free Rn are given in Table I and Figure 8. One can see that the determination
of the neutrino magnetic moments is of the order of 10−9 µB, with slightly more stringent constraints on |µνµ | with
respect to |µνe |. Unfortunately the sensitivity to |µνe | is not competitive with that of reactor experiments, that
constrain |µνe | at the level of 10−11 µB [37, 43]. On the other hand, the best current laboratory limit on |µνµ | is
6.8× 10−10 µB at 90% CL [37, 44], that is only about 5 times smaller than our limit.
Our bounds on the neutrino magnetic moments are different from those obtained recently in Refs. [17, 18] for the
reasons mentioned at the end of Sections II and IV. Moreover our bounds are more stringent than those found in
Ref. [18]. On the other hand, they are slightly less stringent than the bound found in Ref. [17] without distinguishing
between |µνe | and |µνµ |.
VII. CONCLUSIONS
In this paper we updated the analyses of the coherent neutrino-nucleus elastic scattering data of the COHERENT
experiment [1] presented in Refs. [6, 12, 15] taking into account the improved quenching factor published recently in
Ref. [16]. These updates lead to better determinations of the average rms radius of the neutron distributions of 133Cs
and 127I, of the low-energy electroweak mixing angle, and of the neutrino charge radii. We also presented interesting
new constraints on the neutrino charges and on the neutrino magnetic moments.
The new determination of the CsI neutron distribution radius is significantly improved with respect to that in
Ref. [6], with smaller uncertainties and a best fit value that is in agreement with nuclear model predictions. We also
improved the evidence of the suppression of coherence due to the nuclear structure from 2.3σ of Ref. [6] to 3.7σ.
The updated determination of the electroweak mixing angle using the APV measurement is much more precise with
respect to that in Ref. [15], and despite the changed value of the 133Cs neutron distribution radius used as an input,
thanks to the usage of a new and more precise determination of the vector transition polarizability [20] the result is
still in very good agreement with the Standard Model. The combined fit of the APV and COHERENT data allows
moreover to obtain an even more precise determination of the 133Cs neutron distribution radius and neutron skin.
In the analysis of the COHERENT data considering the effects of the neutrino charge radii, we corrected the
treatment of the sign of the contributions of the antineutrino charge radii in Ref. [38] (see the discussion in Section IV).
13
We have shown that the new quenching factor leads to a significant improvement of the constraints on the charge
radii, especially at high values of the confidence level. This allows us to strengthen the statistical reliability of the
bounds on the neutrino charge radii.
Our constraints on the neutrino charges are the first ones obtained from coherent neutrino-nucleus elastic scattering.
Unfortunately, the bounds on the charges involving the electron neutrino flavor (qνee , qνeµ , qνeτ ) are not competitive
with respect to those obtained in reactor neutrino experiments, being about five orders of magnitude larger. On the
other hand, the bounds on the diagonal charge qνµµ of νµ and the νµ-ντ transition charge qνµτ are the first ones
obtained from laboratory data.
Our constraints on the effective electron neutrino magnetic moment |µνe | are not competitive with the current
reactor limits, that are about two orders of magnitude better, but our constraints on |µνµ | are only about 5 times
larger than the best current laboratory limits.
We have also commented on the differences of our analysis and results with respect to those presented recently in
Refs. [17, 18], that used the improved quenching factor in Ref. [16]. The main sources of differences are the fit of
only the total number of events in Ref. [17] and the fit of only the COHERENT energy spectrum with a constant
quenching factor in Ref. [18]. Instead, in our analysis we have used the energy-dependent quenching factor in Ref. [16]
and we have analyzed the time- and energy-dependent COHERENT data, that allow a better discrimination between
the properties of νe and νµ.
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